INTRODUCTION
The association between heat waves (HW) and mortality has been clearly established. (Basu and Samet, 2002; Besancenot, 2002) Some authors have described the association between the usual daily fluctuations in temperature and mortality using time series or a spatial approach. Others have focused on individual major heat episodes, in which an increase in mortality was observed concomitantly with an HW. Those authors described the characteristics of the mortality during or after the HW. (heatstroke, hyperthermia and dehydration) strongly contributed to the excess. A marked relative increase in the mortality or morbidity due to respiratory diseases, nervous system diseases and mental illnesses during HW has also been observed (Bark, 1998 (Basu and Samet, 2002; Besancenot, 2002) , but are not available, to our knowledge, over a large period on the geographical scale of a whole temperate country with a population of more than 50 million inhabitants. This paper addresses major HW because an increase in the frequency of such episodes is probable and has implications for public health, in the context of global climate change.
Specially, it identifies HW in the whole France from 1971 to 2003 and details the all-cause and cause-specific structure of the excess mortality associated with those HW.
MATERIAL AND METHODS

Mortality data
The mortality data were derived from the Inserm (French National Institute for Medical Related Causes" (HRC) category for deaths reported to be directly related to the HW by the physician, i.e.: dehydration, hyperthermia and heatstroke, was also considered.
The national mortality database generally includes more than one cause by death (the underlying cause and the contributing causes). The underlying cause of death is defined as the cause that originated the morbid process leading to the death. This cause is selected according to precise rules and recommendations from the International Classification of Diseases (more and more, this process of selection is done automatically).
An "underlying or contributing HRC" death category was thus defined as the deaths for which one of the causes cited was an HRC.
The analyses by cause of death were carried out by underlying cause and by dissociating the "underlying or contributing HRC" category, using a multiple-cause approach. A HW was defined as a period of at least 3 consecutive days when the maximum (tmax) and minimum (tmin) temperatures were concomitantly greater than their respective 95 th percentile: 30.0°C and 17.3°C, respectively.
Excess mortality estimation
On the basis of previous findings (Basu and Samet, 2002; Fouillet et al., 2006) , we have defined the HW-associated mortality period as the HW period, plus 2 days after the last hightemperature day, in order to take the time lag between exposure and death into account. The mortality observed during those periods (O) was compared with the expected mortality (E) calculated on the basis of the observed mortality during the three preceding years. A loglinear Poisson model of the mortality rates, was used to estimate the expected number of deaths by month, year, age (ten-year groups), gender, and cause of death. Each parameter was systematically included in the model when the goodness of fit was significantly decreased.
Finally, the model contained, for each age group, a linear annual trend, a specific month effect and a specific term for every cause of death by gender. The deviance divided by the number of degrees of freedom ranged from 1.48 to 3.45, depending on the HW considered. Overdispersion was then taken into account in the calculation of confidence intervals and p-values.
Using this model, an estimate of the expected number of deaths and its variance was obtained for each category.
On the basis of the fluctuations in the daily numbers of deaths that were observed during the reference period, "95% fluctuation intervals" were defined as intervals in which there was a 95% probability of observing the daily numbers of deaths in the future if they had the same expected value and variance as the deaths which were observed during the reference period.
"Fluctuation intervals" are therefore prediction intervals.
The excess mortality (O-E) and mortality ratio (O/E) were calculated for each cause of death.
The excess mortality (O-E) provides information on the importance of a given cause with respect to the overall excess mortality during an HW. The proportion of the excess for each cause in the overall excess was also calculated in order to compare the excess mortalities of different HW.
The mortality ratio (O/E) provides information on the impact of an HW on a particular cause of death. In order to compare the mortality ratios of different HW, the overall mortality ratio (O + /E + ) was considered to be a measure of the impact of an HW on a population. Then, for each cause, relative mortality ratios were calculated: For each cause of death, the heterogeneity of the relative mortality ratios of the HW was tested, considering that the death counts for all the HW had independent multinomial distribution conditionally on the overall mortality ratio.
Standardization on age and gender structure
In order to compare the mortality structures by cause, the variations in the age and gender structure of the mortality in time were controlled. Standard weights were calculated by age group "a" and gender "g" on the basis of the distribution of the sum of the expected mortalities due to that cause "c" for all the HW as follows:
, where "h" is a heat wave and "a' " and "g' " are age and gender indices of the sum.
Those weights, common to all the HW, were then used to obtain age-and gender-standardized mortality ratios as well as age-and gender-standardized proportions of the total expected mortality by cause.
Also, the age-and gender-standardized ratio for HW "h" and cause "c" was calculated as the weighted sum of age and gender specific mortality ratios as:
Similarly, for each HW and cause, the standardized proportions of the total excess mortality were calculated as the mean of the percentages by age and gender, weighted by the distribution of the sum of all causes of excess mortality by age and gender for all the HW. All the heat waves have shown a close concordance between the chronological variations in maximum daily temperature and daily mortality (figure 1). A progressive increase in mortality while temperatures were very high was followed by a fast decline when temperature fell towards the reference temperature. The 1983 HW had a somewhat different profile in that temperature and mortality were still greater than the reference values after fulfilling the heat criterion. However, the mortality increased over the HW period and decreased afterwards.
RESULTS
General characteristics and temporal distribution of temperatures and mortality for the identified heat waves (HW)
Six
Harvesting
On the 20 days following the HW-associated mortality period, the excess mortality was negative for four of the six HW (table 1) . Except in 1990, the decrease in the mortality was much smaller than the excess mortality associated with the HW. However, except in 1983, on the 20 days following each HW-associated mortality period, a period of at least 5 consecutive days with a lower-than-expected mortality was observed. Those periods coincided with a decrease in the temperatures (figure 1). For all the HW, the mortality ratios (O/E), by age and gender, showed similarities (figure 2):
-mortality ratios increased with age above 55 years, but the excess mortality was already significant for the aggregation of younger age groups (except in 2001, the mortality ratios were significantly greater than 1 for subjects aged less than 35 years); -except in 1976, the female mortality ratios were greater than the male mortality ratios above age 65 years for all the HW. This was significant only in 2003 when it was particularly marked. The age-and gender-standardized mortality ratios for the "over 75" age groups were from 5% higher for women in 1983 to 28% higher in 2003 as compared to men. 
Other causes of death
Cardiovascular diseases, respiratory system diseases, neoplasms, injury and poisoning, and ill-defined conditions accounted for a major percentage of the overall excess mortality for all six HW (table 2) . For all the other causes except nervous system diseases, the contribution to excess mortality was lower than 10% for all the HW.
The percentage of cardiovascular-disease causes in the overall excess mortality fell from 41% in 1975 to 23% in 2003, while the percentage of cardiovascular disease-related expected mortality decreased from 37 to 29% of the overall mortality (table 2).
The results remained stable when the age-and gender-structure time trends were taken into account by considering standardized percentages. Table 2 here
Mortality ratios by cause of death
Heat-Related Causes (HRC)
The relative mortality ratios when HRC constituted the underlying cause of death ranged from 1.94 in 1983 to 18.15 in 2003 and were the greatest ratios for all underlying causes and for all HW. The relative mortality ratios when HRC constituted an underlying or contributing cause ranged from 2.19 in 1983 to 9.24 in 2003 and were less heterogeneous than the ratios when HRC constituted the underlying cause of death.
Other causes of death
With regard to the other underlying causes, the mortality ratios were greatest for all six HW for respiratory system diseases, nervous system diseases and mental disorders, infectious diseases, and endocrine and nutritional diseases.
Some other causes had lower relative mortality ratios. This was the case for ill-defined conditions, genitourinary diseases (except in 1990), injury and poisoning (except in 2001), digestive system diseases, cardiovascular diseases and neoplasms.
For each of the causes of death, the relative mortality ratios were of the same order for all the HW (table 3) . However, for almost all causes, the relative mortality ratios showed statistically-significant between-HW heterogeneity, most often related to the particular characteristics of the 2003 HW. The relative mortality ratios for HRC, ill-defined conditions and genitourinary diseases were greater for the 2003 HW than for the other five HW.
Conversely, the ratios were lower during the 2003 HW for neoplasms, cardiovascular diseases and injury and poisoning.
When considering the underlying medical cause of death only for death certificates without any contributing HRC, similar mortality ratios by cause were observed.
The age-and gender-standardized mortality ratios were very similar to the non-standardized ratios. Table 3 great excess mortality (from 1300 to 13700 deaths) and shown to exhibit close chronological concordance between daily temperature and mortality time course over the HW. The mortality ratios increased with age for subjects aged over 55 years and were 5 to 28% higher for women than for men over 75 years.
Considering the underlying causes of death for the six HW, the excess mortality was significant for almost all the causes:
-the greatest excess mortality (O-E) were observed for cardiovascular diseases, neoplasms, respiratory system diseases, HRC, ill-defined conditions, and injury and poisoning, -the mortality ratios (O/E) were highest for heat-related causes (HRC), respiratory diseases, nervous system diseases, mental disorders, infectious diseases, and endocrine and nutritional This study was performed on the whole French territory by using averaged temperature weighted by the population of the départements. The spatial precision of temperatures, one meteorological station per département, may be considered questionable. However, the temporal correlation between the population-weighted temperature average at the département level and the population-weighted temperature average derived from a 10km-step grid (4145 points) provided by Météo-France for the period 1993-2003 was greater than 0.99. This finding probably reflects the strong spatial correlation of the temporal variations in temperature over the whole country.
The criteria used to identify temporally major HW as well as HW-associated mortality periods addressed in this study were somewhat arbitrary and are not proposed as a formal definition of HW. This is particularly obvious for the 1983 HW, in which temperatures were still high and mortality was still in excess after the identified period. Such criteria enabled clear differentiation of six HW with major excess mortality in a large temperate country from the daily fluctuations in mortality associated with high temperatures. Those fluctuations can be observed before or after all HW. For the six identified HW, the overall associated excess mortalities were strong and enabled the elucidation of fine categories of age and medical causes of the excess mortality during HW.
A three-year reference period was chosen to ensure both comparability of the cause-specific mortality structure and statistical stability. following the mortality associated with HW period. Indeed, a lower than expected mortality was observed for four of the six HW, although the magnitude of this effect was generally much smaller than the excess mortality during the HW.
The very high proportion of excess deaths occurring in subjects aged 75 years or more reflect both the age structure of the expected mortality and the marked increase of the mortality ratios with age.
For all six HW, higher mortality ratios were observed for women age over 65 than for men in the same age group. This finding has not been systematically reported in other studies of (8, 9 and 10) . This fact makes more precise cause-of-death analysis difficult. However, the mortality ratios for infectious diseases mainly appear to be high because of the high mortality ratios for septicaemia. This cause is coded as an underlying cause when there is a lack of information, but it is generally a terminal cause of death. It is thus likely that HW induce complications in some cases of infection, leading to acute septicaemia and resulting in death.
No cause of death in the "endocrine and nutritional disease" category seems to have increased specifically. Diabetes is the most frequent disease in that category. The incidence of diabetes clearly cannot increase in such a short period. Endocrine and nutritional disease thus probably constitute vulnerability factors during HW.
The mortality ratios by underlying cause of death observed for deaths with no mention of heat, i.e. without underlying or contributing HRC, were similar to those observed for all deaths during all the HW. In consequence, one may considered that description of the major mortality ratios by underlying cause of death, except for HRC, may help to identify the preexisting diseases that may be considered to constitute major risks during HW.
Except for HRC, the causes associated with the highest excess mortality were essentially those giving rise to the highest percentages of the usual mortality. Moreover, the relative ratios were similar for the six HW. This suggests that the proportions of some causes of the overall expected mortality, such as cardiovascular disease, nervous system disease and mental illness, may reflect the vulnerability of a given population. An analysis on a finer geographical scale may contribute to further elucidating that aspect. 
